The efficacy of LY146032 (LY), a new lipopeptide antibiotic, was compared with that of vancomycin, ciprofloxacin, ceftriaxone, imipenem, and gentamicin and combinations of LY-ceftriaxone, LY-imipenem, and LY-gentamicin against 15 strains of Streptococcus (Enterococcus) faecalis by microtiter dilution and checkerboard techniques. LY was effective within a very narrow range of drug concentrations (from 0.125 to 2.0 tLg/ml) and was more active than other agents tested against S. faecalis. Enhanced inhibition of S. faecalis was seen more frequently with combinations of either penicillin or ampicillin and an aminoglycoside than with combinations of LY and gentamicin, imipenem, or ceftriaxone. The in vivo efficacy of LY was compared with that of vancomycin and ampicillin alone and combinations of vancomycin-gentamicin, ampicillin-gentamicin, and LY-gentamicin in a rat model of chronic enterococcal pyelonephritis. At a dose of 10 mg/kg given twice daily, LY reduced the number of organisms per kidney significantly compared with that in infected untreated controls within 48 h after the initiation of therapy. At 20 mg/kg given once a day, LY was less effective but reduced colony counts significantly after 4 days of therapy, and its activity was comparable to that of vancomycin or vancomycin-gentamicin given twice daily. LY may be a promising agent for the treatment of enterococcal infections.
LY146032 (LY), a recently developed biosynthetic antibacterial agent belonging to a new class of antibiotics known as lipopeptides, exhibits inhibitory and bactericidal activity against gram-positive bacteria. Limited therapeutic options are available against some of these organisms. At present, enterococci, including Streptococcus (Enterococcus) faecalis, must be treated with vancomycin in penicillin-allergic patients. Combination therapy is often used in serious enterococcal infections. We studied the in vitro activity of LY and a number of antibiotics, individually and in various combinations, against S. faecalis.
In addition, the in vivo potential of LY was studied in a model of chronic enterococcal pyelonephritis. This model has been well studied and has been used previously to determine effective modes of therapy and parameters for successful treatment (5, 6) . Its progressive renal infection mimics human enterococcal pyelonephritis, and it is useful for evaluating the longer treatment courses that are usually required for serious human enterococcal infections.
( (iii) Organism. S. faecalis ATCC 23241, kindly supplied by Phyllis Guze and also referred to as strain GK, has been described in detail by Guze et al. (5, 6) and has been used previously to produce chronic, nonobstructed enterococcal infection in rat kidneys.
Drug efficacy studies, Inocula containing 109 CFU/ml were prepared from an 18-h brain heart infusion broth culture. The exact number in each inoculum was subsequently determined by the standard serial 10-fold dilution agar pour plate technique. Animals were challenged intravenously with a 1.0-ml inoculum. This inoculum is known to infect the renal medulla of normal rats (5). Twenty-four hours later the animals were divided into eight groups and were given either saline only (controls) or antibiotic therapy initiated with LY at 10 mg/kg (LY10), LY at 20 mg/kg (LY20), LY10 plus gentamicin at 1.5 mg/kg, vancomycin at 20 mg/kg, vancomycin at 20 mg/kg plus gentamicin at 1.5 mg/kg, ampicillin at 30 mg per rat per injection, and ampicillin at 30 mg per rat plus gentamicin at 1.5 mg/kg. Animals received LY20 once daily; all other drugs were administered twice daily. Vancomycin and LY were given subcutaneously; ampicillin and gentamicin were given intramuscularly. Drugs were administered for up to 13 days.
Animals were sacrificed at 6 and 24 h (controls only) and at 3, 5, 8, and 14 days after infection. Kidneys were removed and homogenized in a tissue grinder with tryptic (Difco) soy broth, and serial 10-fold dilutions were prepared and cultured by the agar pour plate technique. Colony counts were determined after incubation for 24 and 48 h at 37°C. By this technique as few as 10 CFU/g of kidney tissue can be detected (1) . Statistical analysis was performed by using the Fisher exact or the Student t test. A P value of c0.05 was considered significant.
RESULTS
In vitro studies. The cumulative distribution of the MIC data for the most effective antibiotics against strains of S. faecalis is shown in Fig. 1 . While the vancomycin and LY MICs for 90% of strains tested were similar against S. faecalis, the vancomycin MIC for 50% of strains tested was approximately 4 times higher than that of LY. LY was inhibitory within a very narrow range of drug concentrations (0.125 to 2.0 ,ug/ml) against all organisms tested. LY and vancomycin were the only antibiotics to inhibit 100% of the S. faecalis strains at 2 ,ug/ml. High-level gentamicin resistance (>2,000 p.g/ml) was observed with 1 of our 15 strains of S. faecalis. MBCs, determined by agar plating, showed that LY was bactericidal at concentrations less than or equal to 4 times the MIC for all organisms studied.
The FIXs of various combinations of antibiotics against 15 strains of S. faecalis are shown in Table 1 . The combination of LY-gentamicin was synergistic against eight S. faecalis isolates and demonstrated enhanced activity against a total of 14 of the S. faecalis isolates. One isolate had a high level of gentamicin resistance, and the FIX could not be determined. Similar results with these 15 strains were observed with all combinations containing gentamicin (Table 1 ). In contrast, enhanced inhibitory activity was seen against all 15 strains when tested against both nongentamicin combinations (LY-imipenem and LY-ceftriaxone). The concentrations of ceftriaxone in combination with LY, however, which were required to achieve enhanced activity, were so high that this combination (LY-ceftriaxone) would have no clinical relevance.
In vitro studies with strain GK enterococcus. In vitro MICs of the various antibiotics against S. faecalis GK, which was used in our in vivo experiments, were as follows: LY, 0.5 jig/ml; ampicillin, 2.0 jig/ml; gentamicin, 5 p.g/ml; vancomycin, 1 ,ug/ml. Strain GK did not exhibit high-level gentamicin resistance.
Levels in serum. The mean drug levels for LY and vancomycin are shown in Table 2 ; each value reported represents the mean drug concentration observed in two rats. Levels in serum in excess of the MIC for strain GK enterococcus were maintained for more than 6 h with LY and for up to 4 h with vancomycin.
In vivo studies with strain GK enterococcus. Intravenous challenge with 109 CFU of S. faecalis GK resulted in persistent renal infection in the saline-treated animals, with the mean log1o CFU per gram of kidney (±standard error of the mean) rising progressively from 5.67 ± 0.20 at 24 h after inoculation to 7.03 ± 0.24 at 14 days ( Fig. 2 and Table 3 ). After 48 h of therapy (day 3 from challenge) only rats treated with LY10, ampicillin, or LY10-gentamicin had bacterial counts significantly lower than those of controls (P < 0.001 to 0.005). Forty-eight hours of treatment with LY10 or ampicillin was significantly better than that with vancomycin (P < 0.005 and P < 0.025, respectively). The differences between treatment with either LYIO or ampicillin and treatment with LY20 were not statistically significant. All experimental groups had significantly lower counts than controls (P < 0.001 to 0.01) after 4 or more days of therapy. Four days of therapy with ampicillin or ampicillin-gentamicin resulted in bacterial counts that were significantly lower than that with all other treatment groups (P < 0.001). Treatment with LY10 for 4 days resulted in significantly lower counts than that with vancomycin (P < 0.005) or LY20 (P < 0.01). After 7 to 13 days of therapy there was no statistically significant difference between LY10 and ampicillin, although the CFU per gram of rat kidney remained lower with ampicillin. Both LYIO and ampicillin produced counts that were significantly lower than those with vancomycin or LY20 at 7 and at 13 days of therapy (P < 0.001 to 0.05). The addition of gentamicin to LY10, ampicillin, or vancomycin did not reduce further the number of organisms in the kidney at all points examined.
In previous studies it has been documented that pyelonephritis correlates with >5 loglo CFU/g of kidney (1, 5) . Kidneys with at least that number of bacteria were considered infected. All kidneys cultured from control rats had mean bacterial counts greater than 5 log1o CFU/g of kidney ( than the groups treated with LY10, ampicillin, LY10-gentamicin, or ampicillin-gentamicin, this difference was significant only when compared with those treated with LY10 (P = 0.024). More kidneys remained infected with vancomycin (14 of 24) or vancomycin-gentamicin (12 of 24) than with LY20 treatment, but the differences between these groups were not statistically significant. Ampicillin, ampicillin-gentamicin, LY10, and LY10-gentamicin, however, were all significantly more effective in reducing infection than either vancomycin or vancomycin-gentamicin (P < 0.001 to 0.03). Although all treatments reduced mean bacterial counts significantly, only ampicillin and ampicillin-gentamicin effectively sterilized the kidneys (Table 3) . After 2 days of therapy no sterile kidneys were found in any treatment group or controls. After 4 days of therapy all ampicillin-or ampicillin-gentamicin-treated kidneys were sterile (Table 3) . There were no other treatment groups for which sterile kidneys were found until day 13 of therapy, at which time 5 of 12 kidneys from LY10 and LY10-gentamicin and 3 of 12 kidneys from vancomycin and vancomycin-gentamicin treatment groups were sterile compared with 12 of 12 kidneys from ampicillin and ampicillin-gentamicin treatment groups The activity of LY against enterococci was confirmed in vivo by using a rat model of pyelonephritis. This model produced a chronic and progressive infection similar to the course of pyelonephritis with this organism observed in humans. Also, this model is particularly useful for evaluating longer courses of therapy for enterococcal infections, like those that are required for the treatment of human pyelonephritis or endocarditis (8). Eliopoulous and colleagues (4) have shown that LY is effective in reducing cardiac vegetations in a rat model of enterococcal endocarditis, but therapy could only be given for 5 days in that lethal model. Nevertheless, both LY and vancomycin were shown to be effective in reducing colony counts compared with controls (4).
In our model, LY was the only antibiotic that was able to reduce bacterial counts in the kidneys significantly compared with controls after only 2 days of therapy. After 13 days of therapy, all treatment groups, including LY20 administered once daily, had at least a 3 log10 reduction in bacterial counts per g of kidney cultured. LY10 and LYgentamicin were also effective in eliminating pyelonephritis (i.e., <5 log10 CFU/g of kidney) in over 90% of the kidneys examined after only 2 days of therapy. Ampicillin, however, was the most effective antibiotic used in the animal model because it reduced colony counts per gram of kidney significantly and produced sterile kidneys. Similar observations have been reported previously by other workers (7, 11, 14) . In our model LY10 given twice daily was more effective than vancomycin given at 20 mg/kg twice daily both in producing lower absolute colony counts and fewer infected kidneys after 13 days of therapy. Higher peak levels of LY10 than vancomycin (20 mg/kg) were obtained in serum, and higher levels of LY were seen at 6 h after drug administration. These higher levels in serum combined with a lower MIC of LY than of vancomycin for strain GK enterococcus may explain the enhanced efficacy of LY compared with that of vancomycin.
When given in a once daily dose, LY20 was effective in reducing bacterial colony counts and in eliminating pyelonephritis compared with controls; but it was less effective than other forms of therapy, particularly when LY was given in two divided doses totaling 20 mg/kg per day. This observation suggests that the 24-h interval for therapy at this dose is too long for maximum therapeutic benefit. The once daily dose of LY, however, was comparable to that of vancomycin given twice daily.
These results confirm that LY is active in vitro and has bactericidal activity against enterococci. Its in vivo efficacy was demonstrated in a rat model of chronic enterococcal pyelonephritis. LY may be a promising agent for the treatment of enterococcal infections.
